The mammalian liver has a structural and functional unit called the liver lobule, in the periphery of which the portal triad consisting of the portal vein, bile duct and hepatic artery is developed. This type of hepatic architecture is detectable in many other vertebrates, including amphibians and birds, whereas intrahepatic bile ducts run independently of portal vein distribution in actinopterygians such as the salmon and tilapia. It remains to be clarified how the hepatic architectures are phylogenetically developed among vertebrates. The present study morphologically and immunohistochemically analyzed the hepatic structures of various vertebrates, including as many classes and subclasses as possible, with reference to intrahepatic bile duct distribution. The livers of vertebrates belonging to the Agnatha, Chondrichthyes, Amphibia, Aves, Mammalia, and Actinopterygii before Elopomorpha, had the portal triad-type architecture. The Anguilliformes livers developed both periportal bile ducts and non-periportal bile ducts. The Otocephala and Euteleostei livers had independent configuration of bile ducts and portal veins. Pancreatic tissues penetrated the liver parenchyma along portal veins in the Euteleostei. The liver of the lungfish, which shares the same origin with amphibians, did not have the portal triad-type architecture. Teleostei and lungfish livers had ductular development in the liver parenchyma similar to oval cell proliferation in injured mammalian livers. Euteleostei livers had penetration of significant numbers of independent portal veins from their intestines, suggesting that each liver lobe might receive a different blood supply. The hepatic architectures of the portal triad-type changed to nonportal triad-type architecture along the evolution of the Actinopterygii. The hepatic architecture of the lungfish resembles that of the Actinopterygii after Elopomorpha in intrahepatic biliary configuration, which may be an example of convergent evolution.
Introduction
The mammalian liver is constituted by the polyhedral hepatic lobule, in which hepatic cords are radially arranged along hepatic sinusoids from the center to the periphery. In the periphery of the lobule, the portal triad with the portal vein, hepatic artery and bile ducts develops. During murine liver development, the portal mesenchyme induces adjacent hepatoblasts to give rise to biliary epithelial cells through Jag 1 signaling, which leads to portal ductal plate formation and then bile duct development with other signaling, including that of transforming growth factor b (McCright et al. 2002; Clotman et al. 2005; Hofmann et al. 2010b; Raynaud et al. 2011) . Biliary epithelial cells express cytokeratins, osteopontin and SRY (sex-determining region Y)-box 9 (SOX9) and have a basal lamina, but do not express any hepatocyte markers such as urea cycle enzymes, or liver-enriched transcription factors such as hepatocyte nuclear factor 4a (HNF4a) and CCAAT/enhancer-binding protein a (C/EBPa) (Yamasaki et al. 2006; Akai et al. 2014; Poncy et al. 2015) . Mature hepatocytes derive from hepatoblasts that do not become biliary epithelial cells.
The portal triad structures are also detectable in the livers of birds, reptiles and amphibians (Beresford & Henninger, 1986; Akiyoshi & Inoue, 2012) . We have demonstrated that the liver of the hagfish, which is one of the ancestral animals for vertebrates, has the basic structure of the mammalian liver accompanied by a vascular system from portal to central veins via sinusoids and abundant periportal ductular structures (Umezu et al. 2012) . In contrast, in the teleost liver, the portal triad structure is not detectable, and intrahepatic bile ducts may be distributed independently of portal veins (Rocha et al. 1994; Akiyoshi & Inoue, 2004; Yao et al. 2012; Odokuma & Omokaro, 2015) . Furthermore, in some fish, pancreatic tissues penetrate the liver parenchyma along portal veins (Figueiredo-Fernandes et al. 2007 ). However, it remains to be determined not only how the two types of hepatic architectures with and without portal triad structures differ functionally, but also how they develop along the phylogenetic tree of vertebrates, which might be related to the adaptation of each animal to its environment. Although the mammalian liver develops special sinusoids having fenestra-type endothelial cells to facilitate efficient transport of various substances to the bloodstream, it is unknown whether hepatic sinusoids of all vertebrates have fenestra-type endothelial cells. The absence of the portal triad development in the teleost liver might lead to the development of different sinusoid structures. Under pathological conditions, including cirrhosis, excessive alcohol intake and hepatitis, mammalian livers exhibit abnormal histology (Liu et al. 2013; Nagahama et al. 2014) . Histological evaluation of livers of vertebrates, which adapt to various environments, might allow us to find a good animal model for hepatic disease. It is also important to know how the zebrafish and Japanese medaka livers, which have recently been used as animal models for hepatic development and disease Matthews et al. 2004; Delous et al. 2012) , are morphologically constructed, and are phylogenetically placed along the evolution of the Actinopterygii.
In the present study, we histologically and immunohistochemically examined the hepatic structures of various vertebrates. We also examined the ultrastructures of sinusoids and bile ductules via transmission electron microscopy. As a result, we found that the hepatic architectures of the portal triad-type gradually changed to non-portal triad-type architecture along the evolution of the Actinopterygii. The Anguilliformes livers were intermediate between the portal triad-type and non-portal triad-type architectures. Intriguingly, the liver of the lungfish, which shares the same origin with amphibians, did not have the portal triad-type architecture.
Materials and methods

Animals
Wild marine animals in the adult stage were trapped in Suruga Bay or Sagami Bay from 2010 to 2015. Wild freshwater fish and Japanese fire-bellied salamanders were trapped in the Abe River. Some animals, including the lungfish, bichir, tarpon, Japanese eel and axolotl, were provided by local distributors. The sizes and numbers of animals used are shown in Table S1 . All animal experiments were carried out in compliance with the 'Guide for Care and Use of Laboratory Animals' of Shizuoka University.
Histology
Liver tissues were fixed in a cold mixture of 95% ethanol and acetic acid (99 : 1 v/v) or 10% formalin overnight. After dehydration, the tissues were embedded in paraffin. Dewaxed serial sections were stained with hematoxylin-eosin (H-E) and periodic acid-Schiffhematoxylin (PAS-H). Computer-aided three-dimensional (3D) reconstruction from serial H-E-stained sections was also carried out with DeltaViewer 2.1.1 (20051005; free software for Apple Macintosh developed by Dr Masaaki Wada; http://delta-mat.ist.osaka-u.ac. jp/DeltaViewer/index-j.html). When color qualities of tissue elements such as bile ducts and blood vessels did not significantly differ in sections for capture of their images with the software, their contours were manually traced based on the histological structures and were processed for 3D reconstruction.
Immunohistochemistry
When a peroxidase-labeled secondary antibody was used, endogenous peroxidase activity in dewaxed sections was blocked by treatment with phosphate-buffered saline (PBS) containing 3% H 2 O 2 for 10 min before incubation with the primary antibody. Dewaxed sections were incubated for 2 h at room temperature with rabbit anticalf keratin antiserum (Dako, Carpinteria, CA, USA) or a mouse monoclonal anti-acidic cytokeratin antibody (AE1; Abcam, Tokyo, Japan). The antigenicities of cytokeratin on some sections were retrieved by TE [10 mM Tris, 1 mM ethylenediamine-N,N,N 0 ,N 0 -tetraacetic acid (EDTA), 0.05% (w/v) Tween20, pH 9.0] treatment at 95°C for 10 min after dewaxing (Akai et al. 2014) . After thorough washing with PBS, sections were incubated with a Cy3-or peroxidase-labeled donkey anti-rabbit or mouse IgG antibody (Jackson ImmunoResearch Lab., West Grove, PA, USA; 1/500 dilution for the Cy3-labeled antibody and 1/200 dilution for the peroxidase-labeled antibody). For immunofluorescence, sections were washed again, and mounted in buffered glycerol containing p-phenylenediamine. For the immunoperoxidase method, after thorough washing, sections were stained with 3,3 0 -diaminobenzidine, and then with hematoxylin.
Electron microscopy
Liver tissues were fixed in 2.5% glutaraldehyde in phosphate buffer (pH 7.2) overnight on ice. After washing, the tissues were fixed in 1% OsO 4 for 1 h on ice. Tissue specimens were processed ordinarily for transmission electron microscopical observation (JEM-1011; JEOL, Akishima, Japan).
Results
Histological architectures of vertebrate livers
The liver was constructed of parenchymal tissue of hepatocytes, which was arranged as one-cell cord structures in mammals or two-cell cord structures (tubular) in other Tables 1 and S1 . In the Myxini of the Agnatha, the hagfish liver had welldeveloped hepatic lobules, in which the blood could flow from portal veins to central veins through sinusoids (Fig. 1A,B ). Many ductules were developed around portal veins. Central veins did not have any biliary structures. Although the hepatic artery was observed in the connective tissue of extrahepatic bile ducts in the hilum, it was not clear near intrahepatic bile ductules in the liver proper.
The Chondrichthyes livers contained abundant lipids, and the cytoplasm of each hepatocyte was scanty in tissue sections prepared for light microscopy ( Fig. 1C ). In the frilled shark and kitefin shark, the hepatic tissues histologically resembled the adipose tissue. Flat nuclei were localized in the periphery of the hepatocyte cytoplasm. In all animals of this class, intrahepatic biliary structures developed along portal veins, though some bile ducts, which were independent of portal veins, were noted in addition to periportal bile ducts in the red stingray. In species with fatty livers, bile ducts appeared to be poorly developed. The hepatic artery was found in the connective tissue of large portal veins and intrahepatic bile ducts.
In the Actinopterygii species that diverged in comparatively ancient times, including the bichir (Polypteriformes), sterlet (Acipenseriformes), spotted gar (Lepisosteiformes), bowfin (Amiiformes) and fish of Osteoglossiformes, intrahepatic bile ducts were always located along portal veins ( Fig. 2A-C) . The hepatic artery was often observed near intrahepatic bile ducts around portal veins in these animals. Pancreatic tissues entered the liver along portal veins with intrahepatic bile ducts in bichir and spotted gar livers. In the Elopiformes, the hepatic architecture commenced to change in the phylogenetic tree of the Actinopterygii. Although intrahepatic bile ducts were always located along portal veins in Indo-Pacific and Atlantic tarpons ( the eel and whitespotted conger eel (Anguilliformes; Fig. 2E ). In herring (Clupeiformes) livers, portal veins and bile ducts entered the liver together in the hilum, but separated from each other in the parenchyma (Fig. 2F ). In the Euteleostei fish, including the zebrafish and Japanese medaka, the distributions of portal veins and intrahepatic bile ducts in the liver were totally independent, and pancreatic tissue often entered the liver along portal veins. In the grass puffer liver, which had random distribution of bile ducts and portal veins, bile ducts ran even near central veins (Figs 2G, H and 3A, B) . In the Sarcopterygii, the livers of four lungfish species examined did not have portal triads. Although intrahepatic bile ducts were distributed around portal veins in some regions, they became separated from portal veins in other regions (Figs 1D, E and 3C, D) . The hepatic artery was found near bile ducts. By contrast, in the livers of newts, frogs, birds, mice and rats, portal triads were detected (Fig. 1F,G) .
Penetration of portal veins into liver parenchyma
To demonstrate how portal veins and bile ducts penetrate the liver in vertebrates, especially the Actinopterygii after the Osteoglossomorpha and lungfish, serial sections of liver samples associated with the intestines and mesentery were histologically examined. In Elopomorpha fish such as tarpons and eels, large portal veins ran parallel with extrahepatic bile ducts near the liver, and entered the liver with bile . The Japanese eel liver has both periportal bile ducts and bile ducts penetrating the hepatic lobule (arrowhead) (E). In the silver-stripe round herring liver, intrahepatic bile ducts run along portal veins near the hilum, but often penetrate the parenchyma (arrowhead in inset) (F). The grass pufferfish develops intrahepatic bile ducts independent of portal vein distribution in the parenchyma (G ducts with branching as seen in mammals (Fig. 4A,B) . Portal veins and extrahepatic bile ducts were closely located in the hilum in silver-stripe round herring (Clupeiformes) liver, although both structures were further apart in the liver (Fig. 4C) . Extrahepatic bile ducts and portal veins entered the liver parenchyma independently in the Teleostei after the Clupeomorpha, and the latter was frequently accompanied by pancreatic exocrine tissue (Figs 3E, F and 4E, F) . Some portal veins ran near extrahepatic bile ducts in the hilum, but both elements were often covered with different sheaths in these cases. Many portal veins of moderate sizes penetrated the liver with an exocrine pancreas in the pale chub, but not with bile ducts (Fig. 4D) . Interestingly, in the zebrafish and Japanese medaka, several portal veins from the intestines entered the liver without integrating when entering it (Fig. S1 ). In the lungfish, some portal veins were located near extrahepatic bile ducts, but other portal veins entered the liver independently of bile ducts (Fig. 5A-D) .
Immunohistochemical analyses of bile duct distribution
To further examine the biliary structures in vertebrate livers, cytokeratin immunostaining was carried out. An anti-calf Actinopterygii before Elopomorpha, and Amphibia developed along portal veins, and that those in the lungfish and actinopterygians after the Elopomorpha were independent of portal vein distribution (Figs 6A,C-E and 7A-F). In the Indo-Pacific tarpon, cytokeratin-positive ductules entered the liver parenchyma from the periportal bile ducts (Fig. 6C) . In lesser moray eel, grass puffer and lungfish livers, cytokeratins-positive ductules were well developed, resembling oval cells ( Figs 6E and 7D,F) , which often appear in injured mammalian livers (Lemire et al. 1991) . The reactivity of the AE1 antibody was more specific than that of the anti-calf keratin antibody, and did not show reactivity to connective tissue cells in the liver of the Actinopterygii (Fig. 6B) . The AE1 antibody reacted with most epithelial cells of bile ducts, and ductular cells, including those of the lesser moray eel and lungfish (Fig. 6F) . However, the number of AE1-positive cells was much smaller than that of the cytokeratin-positive ductules detected with the anti-calf keratin antibody.
Ultrastructure of hepatic architectures
To demonstrate the development of ductule cells or duct cells in the parenchyma, bile canaliculi, and sinusoids at the ultrastructural level, livers of several animals were examined via transmission electron microscopy. In the Japanese eel and lungfish, ductules or ducts, whose epithelial cells had few cell organelles compared with those of hepatocytes, were observed in the liver parenchyma ( Figs 8A,B and 9A,B) . Abundant bile ductules or ducts were noted in the grass puffer liver (Fig. 10A-C ). They were located on the basal lamina. Preductule cells, which were not lined with the basal lamina, were also noted.
Bile canaliculi developed from hepatocytes of all vertebrate livers examined (Fig. S2 ). They were constructed by more than two hepatocytes in contrast with murine hepatocytes, two of which form a bile canaliculus, and had projections of microvilli. The zonula occludens and adherens junction sealed the apical part of the hepatocytes. In some species, including the banded houndshark, bowfin, blue mackerel and grass puffer, the bile canaliculi were apt to occlude.
Sinusoids were well developed in the livers of all animals examined, and fenestra-type endothelial cells constituted the sinusoids (Figs 8C, . Hepatic stellate cells were located between hepatocytes and sinusoidal endothelial cells. Lipid droplets were stored in hepatic stellate cells of some animals. In Japanese eel, lungfish and grass puffer livers, abundant extracellular matrices were deposited in the perisinusoidal spaces (Figs 8C, 9C and 10F).
Discussion
The present phylogenetic study demonstrated that, although histological characteristics of livers such as accumulation of glycogen and lipids varied among vertebrates, they were basically constructed of parenchymal tissue, in which hepatocytes were arranged as one-cell cord structures in mammals or two-cell cord structures in other vertebrates. All of the livers commonly had three types of veins: portal veins, sinusoids and central veins. Sinusoids ran along hepatic cords or tubular structures from portal veins to central veins, and their endothelia had fenestra, which may be important to facilitate transport of various substances between the sinusoids and perisinusoidal spaces. Some differences were present with regard to the size and density of the fenestra in sinusoidal endothelial cells from animal to animal. The hepatic artery was often detected in the connective tissues of intrahepatic bile ducts and portal veins. These histological structures were well conserved along the phylogenetic tree of vertebrates. Thus, the structures might be essential for hepatic functions such as changing of nutrients from the intestine into energy, removal of alcohol and toxins from the blood, and production of blood proteins, and are considered to be adaptive to various environments in the history of vertebrates. On the other hand, our study proposes that, in terms of the intrahepatic configuration of bile ducts, the liver architectures of all vertebrates could be classified into two types; the portal triad-type (having periportal bile ducts), and the non-portal triad-type (having non-periportal bile ducts) (Fig. 11) . The hepatic artery was not clearly observed around portal veins in livers of some animals with the portal triad-type liver. In the portal triad-type liver, which most vertebrates had except for the lungfish and fish of the Teleostei after Elopomorpha, intrahepatic bile ducts ran parallel to portal veins. In contrast, bile ducts were independent of portal vein distribution in the non-portal triad-type livers of the lungfish and actinopterygians after Elopomorpha. In the non-portal triad-type liver, bile ductular structures were well developed in the liver parenchyma to connect hepatocytes with bile ducts apart from portal areas. Furthermore, it is intriguing that, along the evolution of Actinopterygii, the transition from portal triad-type to non-portal triadtype architecture gradually occurred in the Elopomorpha (Table 1 ). In the tarpon liver, intrahepatic bile ducts were located in periportal regions, but penetrated the liver parenchyma as ductules to some extent, which closely resembled the oval cell reaction in mammalian livers injured with the hepatotoxin D-galactosamine or 3,5-diethoxycarbonyl-1,4-dihydrocollidine (Lemire et al. 1991; Nagahama et al. 2014 ). In the eel liver, the hepatic architecture varied; periportal bile ducts were detected, but non-periportal bile ducts and ductules were also observed. Furthermore, in the lesser moray eel liver, ductular cells, which were reactive with anti-cytokeratin antibodies, were dispersed in the liver parenchyma, which closely resembled oval cell proliferation. We inferred that these hepatic architectures might be intermediate from the portal triad-type to non-portal triad-type architectures in the evolution of the Actinopterygii. Although, in the herring (Clupeiformes) liver, bile ducts ran along portal veins in the hilum, they separated from the portal veins in the parenchyma. Then the intrahepatic bile duct distribution became perfectly independent of that of portal veins in Euteleostei fish, which were frequently surrounded by pancreatic tissues. These phylogenetic data showed for the first time that the transition from the portal triad-type to non-portal triad-type liver occurred after the Elopomorpha level, suggesting that the non-portal triadtype architecture evolved for adaptation of the ancestors of the Elopomorpha to various environments. Intriguingly, the liver architecture of the lungfish, which shares the same origin with amphibians, differed from that of amphibians, but resembled those of teleosts in biliary configuration. However, the ancestor of the tetrapods may have had the portal triad-type architecture as the Agnatha, Chondrichthyes and Amphibia livers all had portal triadtype architecture. Anuran biliary morphogenesis starts around portal veins to construct periportal bile ducts without taking non-portal triad-type architecture before metamorphosis (Ueno et al. 2015) . The consistent architecture of the lungfish and teleost livers may be an example of convergent evolution. The phylogenetic change of the hepatic architecture might be related to bile secretion or protection against bile toxicity when we consider the oval cell proliferation in injured livers of mammals. An experimental mouse study referred to the possibility of oval cell reaction as another pathway of bile transportation in the parenchyma in the case of abnormal bile canalicular function of damaged hepatocytes (Nagahama et al. 2014) . Thus, teleost and lungfish livers might be more specialized for bile secretion. The ultrastructures of bile ducts/ductules themselves did not exhibit any major differences in vertebrate livers examined. Whether the different morphologies of the bile canaliculi observed are related to the hepatic architectures is unknown. Bile salt composition, which shows phylogenetic changes, is different in lungfish and teleost livers (Hofmann et al. 2010a ). Although we do not exactly know the reason why the animals have similar hepatic architecture at present, the ancestors of lungfish and eels might have lived and adapted to the same severe environments, which could cause liver injury inducing ductular reaction. It is of note that the third whole genome duplication occurred before the divergence of Osteoglossomorpha (Meyer & Van de Peer, 2005) , and that the hepatic architecture was not changed in the Osteoglossomorpha, but began to change in the Elopomorpha. The gradual changes of the architecture along the phylogenetic tree of the teleost fish might be from the whole genome duplication and its subsequent gradual changes.
During mammalian liver development, Jag1 expressed in the portal mesenchyme induces adjacent hepatoblasts expressing Notch2 receptors to give rise to biliary epithelial cells (McCright et al. 2002; Hofmann et al. 2010b independently in non-portal triad-type livers, the portal mesenchyme may not involve bile duct induction during development. Although Jag1-Notch signaling plays an important role also in zebrafish biliary development , it is unknown how Jag1 signaling is involved in biliary development in zebrafish, which is an important question to be resolved in the future. Mesenchymal cells lining the presumptive biliary cells might express Jag1 as a bile duct inducer. When primary bile duct development is impaired in mice, a ductular reaction can take place that does not require Notch signaling (Falix et al. 2014; Walter et al. 2014) . Because it is possible that non-portal triad-type livers result from the lack of primary bile duct development, detailed analyses on their embryonic development with molecular markers are required. Several biliary regulatory molecules such as Hnf6 and Sox9b, which are demonstrated to be critical in mammals, may also be involved in zebrafish biliary development (Matthews et al. 2004; Delous et al. 2012) , suggesting that teleost fish may use similar mechanisms for bile duct formation. It is important to compare biliary development at both the morphological and molecular levels in actinopterigians, including both Euteleostei and non-Euteleostei fish. Such comparisons may be informative in studying the zebrafish as an animal model for human liver disease. Genome duplication of genes for Jag1-Notch signaling could be involved in the change of hepatic architecture. It is also noteworthy that, in some teleost species, including zebrafish, medaka and pale chub, several portal veins entered the liver directly from different parts of the intestines. In the portal triad-type livers of many vertebrates, including mammals, many vessels developing in the mesentery join into a large portal vein, and enter the liver parenchyma in the hilum with branching. Thus, each hepatic lobe and lobule may receive the same blood constituents from the portal vein in the portal triad-type liver. The situation in teleosts and lungfish may be quite different; each hepatic lobe or lobule may have different portal blood flow. Our preliminary data showed that the accumulation of PAS-positive substances was heterogeneous in the goldfish, cobaltcap silverside and medaka fish livers (Fig. S3) , which might not be related to so-called 'hepatic zonation', supporting the idea that these fish livers might change hepatic functions responding to blood supply from different parts of the intestines. This non-portal triad-type of hepatic architecture might have some advantages in virus or bacterial infection, and liver injury by chemicals from the intestines, which can restrict the infection or injury to some hepatic area. Teleost fish and lungfish might have adapted to the toxic environment in their diversification by developing the non-portal triad-type architecture as discussed above.
Although we demonstrated that the livers of all vertebrates examined had fenestra-type sinusoid endothelial cells irrespective of biliary distribution, abundant extracellular matrices were noted in the perisinusoidal spaces of especially the pufferfish liver. However, they did not show fibrotic liver histology. It remains unknown at present why such extracellular matrix deposition is required in the liver. This might become an animal model to prevent hepatic fibrosis. Animals living in the deep sea, especially sharks, are apt to store large amounts of lipids in the liver, which histologically resembled the so-called adipose tissue, and have poor bile duct development without other pathological disorders. In cartilaginous fish, the fatty liver may be used for buoyancy control because they do not have any gas bladder. The study of their fatty liver might shed light on how to prevent non-alcoholic steatohepatitis.
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